T he last decade has witnessed tremendous progress in research on optical frequency standards. 1, 2) Among several candidates for next-generation optical frequency standards, the optical lattice clock (OLC) 3, 4) is of particular interest because it has the potential to realize higher short-term stability than a single-ion clock thanks to its higher signal-to-noise ratio (SNR) with a larger number of atoms. 2) Since the first absolute frequency measurement of the 171 Yb (I ¼ 1=2) OLC (relative uncertainty: 5:4 Â 10 À14 ), 5) two more measurements have been made by the National Institute of Standards and Technology (NIST) 6) and the Korea Research Institute of Standards and Science (KRISS) 7) with relative uncertainties of 1:4 Â 10 À15 and 1:8 Â 10 À14 , respectively. To promote the 171 Yb OLC as a candidate for the redefinition of the second (named as ''the secondary representation of the second''), it is important to confirm the NIST measurement with the smallest possible uncertainty. The International Committee for Weights and Measures (CIPM) is expecting to receive measurement results from independent groups with which to decide new candidates.
In an optical clock, the clock transition is interrogated with an ultranarrow-linewidth laser, which is generally realized by frequency stabilization using a high-finesse optical cavity with an ultralow-expansion (ULE) spacer. 8) While it is relatively easy to fabricate such a cavity for nearinfrared light, the fabrication of a cavity for short visible wavelengths is often difficult. We have experienced a ULE cavity at 578 nm with an unexpected low finesse. With a narrow linewidth fiber comb, 9, 10) the spectroscopy of 171 Yb in an optical lattice was successfully demonstrated based on laser linewidth transfer from an ultrastable neodymiumdoped yttrium aluminum garnet (Nd:YAG) laser using an optical cavity at 1064 nm, 11) which has the best frequency stability in our group. Furthermore, the linewidth transfer for the 171 Yb OLC is an important step towards clock laser noise elimination by synchronous measurement 2) in a frequency ratio measurement between the the 171 Yb OLC and other optical clocks, such as an 87 Sr OLC when both clock lasers are tightly locked to the same comb. In the present work, we perform the laser frequency stabilization and the absolute frequency measurement based on the laser linewidth transfer method. Furthermore, we work on lattice laser frequency stabilization, and excitation ratio measurement to obtain atomic spectra with a higher SNR since our last measurement in 2009. Figure 1 shows a schematic diagram of our experimental setup. A Nd:YAG laser emitting at 1064 nm was used as a master laser whose frequency was stabilized to a high-finesse ULE cavity by using the Pound-Drever-Hall method.
12) The linewidth of the master laser was approximately 2 Hz. A fiber-type narrow-linewidth optical frequency comb (OFC) was used to transfer the laser linewidth of the master laser. The narrow-linewidth OFC was equipped with an intracavity electrooptic modulator in its oscillator cavity for a high servo bandwidth. This OFC was phase-locked to the master laser by detecting and locking a heterodyne beat with the master laser at 1064 nm ( f comb-YAG ). As a result, the linewidth of each comb component was reduced to Hz level. A light source at 578 nm was generated by the sum-frequency generation of a Nd:YAG laser at 1319 nm and a Yb:YAG laser at 1030 nm. 12, 13) This clock laser was stabilized to the narrowlinewidth OFC by detecting and locking a heterodyne beat with the clock laser using the second-harmonic comb around 578 nm ( f comb-clock ). The achieved tight phase locking allowed the linewidth of the comb to be transferred to the clock laser.
After two-stage laser cooling (using the 1 S 0 -1 P 1 transition at 399 nm 14) and then the 1 S 0 -3 P 1 transition at 556 nm 15) ), about 10 3 171 Yb atoms were loaded on a horizontally oriented one-dimensional optical lattice operating at 759 nm, where the ground and excited clock states have identical polarizability values. Our optical lattice laser is a commercial Ti:sapphire laser, whose frequency is stabilized to another OFC using a delay-line-lock technique 16) with an uncertainty of 10 MHz.
We used the clock laser to irradiate atoms in the optical lattice, and then we observed the fluorescence I S from the atoms in the ground state by driving the strong 1 S 0 -1 P 1 transition at 399 nm. Note that all the ground state atoms were dispersed after this process. We used the clock laser irradiation again to deexcite atoms from the 3 P 0 excited state to the 1 S 0 ground state. 17) Then we observed the fluorescence I P from the once excited atoms. Thus, we could calculate the excitation ratio as ¼ I P =ðI S þ I P Þ, which cancels out the shot-to-shot atom number fluctuations. We repeated this process with a clock laser frequency tuned with an acoustooptic modulator (AOM) to obtain a spectrum. The spectroscopy was performed in a DC magnetic field of 0.17 mT oriented in parallel with the polarizations of the clock laser and the lattice laser, so we observed the two Zeeman components with a splitting of 680 Hz as shown in the inset of Fig. 2 . By averaging the frequencies of these two peaks, we could determine the unperturbed frequency and eliminate the first-order Zeeman shift. We stabilized the clock laser frequency to the center of the two components by alternately probing the half-maximum points of the resonance from each m F ¼ AE1=2 ground state. Figure 2 shows a typical Allan deviation of the measured beat frequency between the Yb-stabilized clock laser and the signal of the coordinated universal time [UTC(NMIJ)]. The Allan deviation was 3 Â 10 À13 for a 4 s averaging time, and it improved after a 1000 s averaging time towards 2 Â 10 À15 . We note that the measured Allan deviation basically follows the stability of UTC(NMIJ).
For the absolute frequency measurement, we measured the repetition rate of the above-mentioned narrow-linewidth OFC, and the AOM frequency used for stabilizing the clock laser frequency to the atomic transition. All the frequency measurements were based on the standard signal generated by UTC(NMIJ). The absolute frequency of the clock transition was calculated from these two synchronized frequency measurements as one measurement set. Figure 3 shows 11 absolute frequency measurements, where each data point was calculated from each measurement set. The uncertainty was given by the Allan deviation at the longest averaging time for each measurement set (e.g., the uncertainty for data #10 in Fig. 3 was calculated by using the Allan deviation in Fig. 2) , and is basically limited by the measurement time. When we average the 11 measurements, we obtain a weighted standard deviation of the mean of 0.76 Hz.
We evaluated several systematic shifts as follows. First, we evaluated the ac Stark shift induced by the lattice laser. By changing the lattice laser frequency, we deduced the slope coefficient as s NMIJ ¼ À12ð1Þ Hz/GHz for the normal operation intensity compared with the NIST value of s NIST ¼ À11ð1Þ Hz/GHz. 6) As our lattice laser frequency for the normal clock operation was 8(10) MHz larger than the magic frequency experimentally determined at NIST, 6 ) the ac Stark shift caused by the lattice laser was À0:10ð12Þ Hz. The blackbody radiation (BBR) shift Á BBR was estimated to be Á BBR ¼ À1:31ð10Þ Hz using the formula Á BBR ¼ À1:273ð17ÞðT =300Þ 4 Hz 18) for the temperature of the vacuum chamber [T ¼ 302ð3Þ K], in which the OLC was operated. The second-order Zeeman shift was estimated to be À0:20ð1Þ Hz using a magnetic field of 0.17 mT, which was calculated from the Zeeman splitting of 680 Hz. The gravitational shift was calculated to be +1.19(3) Hz using the OLC height of 21.1(5) m from the geoid surface. The light shift induced by the clock laser was +0.04(1) Hz using a typical clock laser intensity of 2.3 mW/cm 2 . The collisional shift was estimated to be À0:014ð130Þ Hz using data obtained at NIST 19) and our number of atoms (n 0 % 10 3 ; we conservatively supposed an uncertainty of 10 Â n 0 ) assum- ing a similar volume to the trap. The hyperpolarizability shift of 0.204(43) Hz was estimated from the NIST measurement 6) and the squared ratio of the slope coefficients of s NMIJ and s NIST . UTC(NMIJ) is compared with International Atomic Time (TAI) via a satellite link at five-day intervals. On the other hand, the 171 Yb OLC was operated several hours a day. Therefore, we conservatively estimate the uncertainty due to the measured time gap to be 3:3 Â 10
À15
(1.7 Hz) based on UTC(NMIJ) behavior. The results of the frequency link between UTC(NMIJ) and TAI can be found in Circular T, which is published on the BIPM web page. 20) From Circular T 295, the corrections of measurements #1-2 and #5-11 were calculated to be À3:2 Â 10 À15 (À1:7 Hz) and À6:9 Â 10 À16 (À0:36 Hz), respectively. No corrections were necessary for the data #3-4. The uncertainty of the link between UTC(NMIJ) and TAI was 1:3 Â 10 À15 (0.68 Hz). The correction and uncertainty of the link between TAI and SI were also found in Circular T 295 to be À1:6 Â 10 À15 (À0:83 Hz) and 3:0 Â 10 À16 (0.16 Hz), respectively. Table I summarizes the systematic frequency shifts and uncertainties. This uncertainty was then combined with the statistical uncertainty of 0.76 Hz obtained from Fig. 3 , and gave a final combined uncertainty of 2.0 Hz. The inclusion of the corrections in Table I gives a final absolute frequency of 518 295 836 590 863.1(2.0) Hz (relative uncertainty: 3:9 Â 10 À15 ) relative to the SI second. This result is in good agreement with values previously measured at our institute and other institutes within the uncertainty [5] [6] [7] as shown in Fig. 4 . The measured absolute frequency will be reported to the CIPM and contribute to the discussion regarding the adoption of the 171 Yb lattice clock as one of the secondary representations of the second, which is an important step towards redefining the second. 6 ) KRISS, 7) and NMIJ (this work).
